The use of graphene-based nanocomposites as electromechanical sensors has been broadly explored in recent times with a number of papers describing porous, foam-like composites. However, there are no reported foam-based materials that are capable of large dynamic compressive load measurements and very few studies on composite impact sensing. In this work, we describe a simple method of infusing commercially-available foams with pristine graphene to form conductive composites, which we refer to as G-foam. Displaying a strain-dependent electrical response, G-foam was found to be a reasonably effective pressure sensing material. More interestingly, G-foam is a sensitive impact-sensing material.
Introduction
In recent years, graphene has received unparalleled attention in composite research, largely due to its superlative mechanical and electrical properties. [1] [2] [3] Due to its high strength and stiffness, 4 graphene has widely been viewed as an ideal filler for the reinforcement of polymer matrices. Furthermore, the combination of its excellent electrical conductivity and the fact that it is often used as high aspect ratio nanosheets means that the addition of relatively small amounts of graphene to polymers renders them electrically conductive. One composite application which combines both electrical and mechanical effects is electromechanical sensing. Such sensors display resistances which scale with strain, ε, or pressure, P, as:
where ΔR/R 0 is the fractional resistance change on deformation, and G and P are the strain and pressure gauge factors (sensitivities). In general, composites yield excellent strain and pressure sensors because their resistivity tends to change with mechanical deformation, resulting in high sensitivity. 5 Composite strain sensors have been fabricated from a number of nano-materials but mainly incorporating nanotubes 6, 7 and graphene. [8] [9] [10] [11] Elastomer-based composite sensors are particularly attractive as wearable sensors due to their very low stiffness which is important for reasons of comfort. 5 In principle, stiffness could be reduced even further by using very soft, polymer-based foams as the sensing material. Indeed, a number of graphene oxide-based foams have been used for pressure sensing. 12 For example, soaking preformed polyurethane foams in graphene oxide (GO) dispersions was shown to give conductive composites that were pressure sensitive [13] [14] [15] and displayed pressure gauge factors as high as S = 0.26 kPa −1 . 15 An alternative method, used GO based foam structures coated in polymer [16] [17] [18] [19] and gave pressure gauge factors as high as 0.6 kPa −1 . 18 Such structures were demonstrated in applications from pulse measurement 18 to EMF shielding. 17 However, a subtle point is that foams can be too soft when it comes to pressure sensing. Composite pressure sensors tend to have a range of compressible strain over which they can operate effectively. Assuming an approximately linear stressstrain response, this sets a limit for the maximum pressure which can be sensed: P max = Yε max , where Y is the compressive modulus and ε max is the maximum compressive strain for effective sensing. The GO-based foam composites reported in the literature tend to have relatively low modulus and so relatively small dynamic sensing ranges. To the authors knowledge, the largest pressure measured for composite foam sensors is 900 kPa. 18 Similar arguments can be applied to composite impact sensors. Wearable impact sensors could be important in sports such as rugby, hurling or American football for monitoring the † Electronic supplementary information (ESI) available. See DOI: 10.1039/ c7nr09247d a magnitude of impacts to the head or body. While composite impact sensors have been demonstrated, we are not aware of reports of foam-based impact sensors in the literature. Composite impact sensors convert kinetic energy of impact to compressive strain energy and output a resistance change which scales with the resultant compressive strain. 5 Equating the kinetic and compressive energies shows the maximum detectable kinetic energy to scale with sensor stiffness (for a maximum effective compressive strain). Again, this results in limited dynamic range for foam-based sensors.
Thus, there appears to be a gap in the literature which would benefit from the demonstration of foam-based composite pressure and impact sensors with controllable stiffness leading to a broad pressure detection range. In this work, we report on a method of infusing store bought foams with pristine graphene to form conductive composites which can sense compressive strain, pressure and impact. The stiffness, and so dynamic range, could be tuned by the addition of a polymer filler, resulting in a set of sensors which could detect impact energies from ∼10 −4 to 3 J.
Results and discussion

Basic characterisation of G-foam
In this work, we fabricate electrically conducting composite foams by combining commercially available polymer foams with graphene nanosheets produced by liquid phase exfoliation. This nanosheet production method involves sonication or shearing of graphite powder in certain liquids such as solvents with appropriate surface energy as well as polymer or surfactant solutions. [20] [21] [22] [23] [24] [25] Under optimised conditions, this procedure results in suspensions (concentration up to ∼5 mg ml
) of largely defect-free few-layer graphene nanosheets with thickness of ∼1-10 monolayers and lengths of ∼100-1000 nm. 26, 27 Such suspensions have been used to facilitate a wide range of applications, particularly in the area of functional composites. [28] [29] [30] [31] [32] [33] [34] [35] [36] Here, we exfoliate graphite powder by sonication in N-methyl-pyrrolidone (NMP) and redisperse in a water/surfactant solution resulting in few-layer nanosheets which are a few monolayers thick and have a mean length of 311 ± 8 nm (300 counts) (see Fig. 1A for example TEM image). While composite formation generally involves mixing the filler with the polymer in either a solution or a molten environment, 5,37-40 here we take a different approach. By soaking pre-existing polymer foams in suspensions of graphene nanosheets, we infused the nanosheets into the porous internal volume of the foam. The nanosheets are then deposited onto the internal surface of the foam resulting in the formation of a nanosheet network coating.
To identify a suitable foam, we applied preliminary tests to a range of commercially available polymer foams (see ESI † and methods). We found that graphene could be infused into all foams tested, and in most cases a conductive composite was obtained (see Fig. S1 †) . However, we found that the composite conductivity tended to decrease significantly with increasing pore size. In addition, large-pore composite foams tended to give very weak or negative electromechanical response with non-trivial G-or S-values found only for the five foams with the smallest pore sizes. As a result of this optimisation process, we chose a small-pore polyurethane-based foam with a density of 280 kg m −3 ( porosity = 87%) and a specific surface area of 0.42 m 2 g −1 (as measured by BET). This foam was used in all subsequent experiments and is shown on the left in Fig. 1B . SEM imaging (Fig. 1C and D) showed the foam to consist of a polymer network with struts a few tens of microns wide and pores in the size range ∼50-200 μm. Though this particular foam was chosen as the optimum matrix for our sensing materials, we note that a number of the other foam materials might be optimised to produce a sensing material, especially those with small pore sizes. The composites were formed by soaking the polymer foams (typically 2 cm × 2 cm × 6 mm) in graphene suspensions of different concentrations (0.015-3 mg ml −1 ) for a fixed time (5 min). As described above, this resulted in significant takeup of graphene as evidenced by the blackening of the foam (Fig. 1B, right) . SEM analysis showed the large-scale deposition of graphene nanosheets onto the internal surface area of the foam (Fig. 1E ). The uptake of graphene can be confirmed by Raman spectroscopy on the foam which gave intense spectra dominated by the three main graphene Raman bands (Fig. 1F) . We estimated the mass uptake (see Methods), which is plotted in Fig. 1G as graphene mass fraction (M f,G = M Gra /(M Gra + M poly )) versus the concentration of graphene in the suspension in which the foam was soaked. We found we could controllably achieve mass fraction from ∼2 wt% down to arbitrary low levels, allowing effective tuneability of graphene content. However, we also found the resultant composites to be somewhat unstable, with the graphene coating appearing to detach over time. To address this we soaked all composites in a solution of polyurethane (PU) in water (5 mg ml −1 ) for 5 min.
This led to the infusion of PU into the foam and resulted in the formation of a PU coating, presumably on top of the graphene coating. Under these circumstances, we estimate the PU content within the composites at ∼3 wt%. Such a coating resulted in an almost complete stabilisation of the composite with no evidence of graphene removal observed, even after repeated mechanical deformation. For simplicity, we refer to the resultant composites as G-foam. We characterised the mechanical properties of G-foams with different graphene loading levels by compressive testing. Representative stress-strain curves for a subset of loading levels are shown in Fig. 1H . As might be expected the graphene coating had very little effect on the stress-strain curves as a whole. However, perhaps surprisingly, addition of graphene resulted in significant changes to the low strain portion of the curves (Fig. 1H inset) . We characterise this by plotting the compressive stiffness of the G-foams as a function of graphene content (Fig. 1I) , finding an approximately linear increase consistent with dY/dM f,G = 6 MPa. We interpret this by modelling the G-foam as two springs in parallel, one representing the polymeric foam and PU coating and one representing the graphene-network coating. Because parallel stresses can be added, this results in a rule-of-mixtures-like expression for compressive stress at a given strain:
where σ Gra and σ poly are the stresses in the graphene coating and polymer respectively. The data in Fig. 1H would imply that at high strain, the polymeric stress dominates while at low strain the stress associated with the graphene network dominates. This difference suggests that while the polymer itself displays a superlinear stress strain curve, the stress in the graphene coating increases linearly (or sublinearly) with strain. In any case, by considering only low strains, we can divide eqn (1) by strain to give:
where Y, Y G-Net and Y poly are the compressive stiffnesses of the composite, the graphene network and the polymer foam respectively. Fitting the data in Fig. 1I to eqn (2) would imply values of Y G-Net = 6 MPa and Y poly = 15 kPa. We note that former value is small compared to tensile stiffnesses measured for thick vacuum filtered graphene nanosheet films (∼5 GPa). 41 A significant portion of this difference may be explained by the differences in network geometry between these systems. We also measured the in-plane electrical conductivity of G-foam as a function of graphene mass fraction as shown in Fig. 1J . We found the conductivity to be immeasurably low for mass fractions below 0.7 wt%. However, above this value we found a rapid increase in conductivity from <10 −5 S m −1 at 0.7 wt% to ∼10 −2 S m −1 at ∼1.8 wt% graphene.
We interpret this behaviour as follows. Increasing the graphene mass fraction in these composites involves increasing the thickness of the graphene coating on the internal surface of the foam. For thin coatings of graphene nanosheets, it is known that the film conductivity, σ e , is described by percolation theory:
where t is the effective thickness of the graphene nanosheet coating and t c and n are the percolation threshold and exponent respectively. 42, 43 The percolation threshold can be thought of as the effective coating thickness where the first conducting path of nanosheets occurs. The effective coating thickness is just the thickness of a continuous film of the same density of the nanosheet network (ρ net ). This allows us to relate the areal mass density [kg m −2 ] associated with the graphene coating, M G /A, to the effective thickness using M G /A = ρ net t. Then, relating the graphene mass fraction to the areal mass density via the specific internal surface [m 2 kg
, allows us to write t = M f,G /ρ net × (A/M T ) and so,
This expression fits the data in Fig. 1J very well with a critical loading level ( percolation threshold) of M f,G,c = 0.75 wt% and n = 2.6. Similarly, in a graphene oxide (GO)/polyvinylidene fluoride (PVDF) foam composite a percolation threshold of M f,G,c = 0.5 wt% and exponent of n = 2.66 were observed. 17 Using the relation given above we can convert M f,G,c into the nanosheet coating thickness at the percolation threshold (taking A/M T = 0.42 m 2 g −1 and ρ net ∼1000 kg m −2 , a typically observed value), finding t c ∼20 nm.
Electromechanical properties of G-foam
Because the low-strain mechanical properties and the electrical properties of the G-foam are both controlled by the presence of the nanosheet network, it is likely that these properties are coupled. To test this, we performed experiments where we compressed the foam vertically while monitoring strain, stress ( pressure) and electrical resistance (out-of-plane). In these experiments, the resistance was measured along the same direction as the deformation. Shown in Fig. 2A and B are plots of fractional resistance change versus strain (A) and pressure (B) for three typical graphene loading levels. In each case, we see an increase in resistance at low strain/pressure followed by a resistance decrease at higher strain/pressure. The resistance decrease at high strain/pressure is not interesting as it just reflects geometrical changes under deformation (as the material is compressed the inter-electrode separation decreases resulting in a resistance drop). However, the fact that the resistance falls at higher strain means that such materials can only be used as low-strain sensors (max strain 10-30% depending on graphene content). Much more interesting is the initial resistance increase which can be used to sense small strains or pressures. Such changes are associated with mechanically-induced changes in the resistivity of the G-foam (i.e. those changes not associated with sample dimensional changes). Such resistivity changes are generally considered to be due to changes in inter-nanosheet tunnelling resistances associated with changes in inter-nanosheet distances under strain. However, it should be noted that a recent publication has suggested that the resistivity change under strain can be more effectively described by considering straininduced changes in nanosheet network connectivity. 5 In either case, we can characterise the magnitude of the resistance change by the gauge factor which can be defined for strain (ε) or pressure (P) sensors as G = d(ΔR/R 0 )/dε| ε→0 or S = d(ΔR/R 0 )/dP| P→0 respectively. We have calculated both strain and pressure gauge factors for all composites which are plotted versus graphene content in Fig. 2C and D. In each case, we see a clear peak in sensitivity which occurs very close to the electrical percolation threshold (0.75 wt%). As is often the case, the peak sensitivities were found just above the percolation threshold to be G = 4 and S = 0.05 kPa −1 . In comparison to literature, both values are rather low when looking at other pressure-sensing foam materials (see ESI †). Above the percolation threshold, the sensitivities fall off, apparently exponentially with a decay constant of 0.32 wt%. In practice, this suggests the graphene content should be as close to the percolation threshold as possible. However, it should be pointed out that as the percolation threshold is approached from above, the G-foam conductivity falls rapidly (eqn (4)) resulting in high operating resistances. Thus, practical sensors will require an optimisation of graphene content to give high values of G while maintaining reasonable sample resistances. Repeatability and cycleability are important for any practical sensing material. To test this, we exposed the G-foam to a near harmonic compressive strain cycle with period of 1 s and minimum and maximum strains of 5 and 20% (Fig. 3E) . We found a resistance response (Fig. 2F ) which was extremely repeatable over at least 400 cycles. While the resistance waveform wasn't perfectly harmonic, we attribute this to nonlinearities in the resistance-strain curve ( Fig. 2A) , especially over the large strain range applied here.
It is clear from the data above those G-foam acts as a reasonable strain-and pressure sensor. However, the pressure sensing sensitivities, S, are rather low compared to composite foam pressure sensors described in the literature (typical values range from 0.1 to 2 kPa −1 , see ESI †). Nevertheless, as mentioned above, one electromechanical sensing application that is not often explored, but might be particularly suited to G-foams, is the sensing of impact. Such a sensor should output information related to either the average force or energy associated with the impact as well as the impact time.
To test if this can be achieved with G-form, we built a test rig based on a mass on the end of a hinged arm, which could be controllably dropped on the G-foam. Then, we measure the magnitude of the impact via the kinetic energy (E K ) which we set equal to the initial gravitational potential energy of the mass, E K = mgh, where m is the mass and h is the initial height. We note that, in these experiments, the initial and final resistances are not expected to be identical as the mass remains on top of the foam and thus compressing it after impact. We measure the G-foam out-of-plane resistance as a function of time over the course of the impact. Two typical resistance waveforms are shown in Fig. 2G and consist of sharp resistance increases, which coincides with the impact, followed by a slow resistance decay as the foam settles down after the impact. The inset shows the region of impact and implies an impact time of <20 ms. The initial rapid increase in resistance is clearly a measure of the impact magnitude. We note that recent experiments on a graphene-filled polysilicone sensor (G-putty) showed the impact response to be related to impact energy rather than force or impulse. 5 We will demonstrate a simple model below which leads to the same conclusion for G-foam. We performed a number of impact tests, dropping different masses from a range of heights. Shown in Fig. 2H is a plot of the maximum resistance change, (ΔR/R 0 ) max , versus the impact energy, E K . We found (ΔR/R 0 ) max to increase with E K in a well-defined way up to E K,sat = 0.01 J, after which the response saturated at (ΔR/R 0 ) max ∼0.35. The increase in (ΔR/R 0 ) max at low impact energy is due to the effects of network deformation and has the same origins as the strain and pressure sensing described earlier. However, the saturation is clearly associated with the maximal compression of the foam such that the porosity approaches zero and further modification of the graphene network is impossible. That this saturation occurs at relatively low impact energy is due to the soft nature of the foam. This is a significant problem as it means impact energies above 0.01 J cannot be quantitatively measured. In fact, this value is relatively low and is consistent with a 10 g object falling a distance of 10 cm. Practical impact sensing will require the ability to detect much larger impacts than this.
Stiffening by polymer infiltration
The maximum resistance change saturates at high impact energies because the foam becomes fully compressed under these circumstances. One strategy to avoid such full compression would be to increase the energy absorbed by the foam during compression, leading to lower compressive strains for a given impact energy. This requires increasing the compressive toughness which is simply the absorbed energy density at a given compressive strain (ε′) and is given by Tðε′Þ ¼ Ð ε′ 0 σdε. Clearly, the simplest way to increase this parameter is to increase the stress required to compress the foam to a given strain i.e. increase the stiffness. We achieved this by increasing the amount of PU which was infused into the foam to mechanically stabilise the graphene coating. Instead of soaking the graphene-infused foams in a PU solution of concentration 5 mg ml −1 for 5 minutes, we soaked foams (0.8 wt% graphene before soaking) in a range of PU solutions with concentrations ranging from 10 to 400 mg ml −1 for 5 minutes with the expectation that higher PU concentrations would lead to higher degrees of PU infiltration and adsorption onto the internal surface area. After drying, the resultant PU content was estimated by comparing weight before and after soaking and is plotted as a mass fraction versus PU concentration in Fig. 3A . A well-defined trend is seen with PU contents growing from ∼3 wt% to ∼75 wt% as the PU concentration was increased from its original level of 5 mg ml −1 to 400 mg ml −1 .
The conductivity of the PU-treated foam fell by up to two orders of magnitude as the PU content was increased (Fig. 3A) . This indicates that, as the PU adsorbs onto the infused graphene layer, it somehow disrupts the network connectivity resulting in a drop in conductivity. However, the mechanical properties improved significantly with increasing PU content ( Fig. 3C and D) . Additionally, the stress strain curves became much more linear over most of the strain range as more PU was added (Fig. 3D) . Interestingly, the stiffness increased exponentially with PU content: very little change in stiffness was observed below ∼25 wt% PU although a rapid stiffening by over an order of magnitude was observed for PU levels above this value (Fig. 3E) . Likewise, the compressive toughness (defined here as the energy absorbed up to a strain of 60%, divided by the initial sample volume) increased relatively slowly up to an infused PU content of 20% before increasing more rapidly thereafter. The toughness of the foams with the highest PU loading levels were more than 10 times higher than the initial G-foam. This is important as this increased energy absorption capability should reduce the problem of resistance saturation under high impacts described above.
We also measured the electromechanical response of the PU-treated G-foams (Fig. 4A and D) . As before, the resistance first increases and then decreases as either strain (Fig. 4A) or pressure (Fig. 4C) is increased. The peak in resistance determines the maximum compressive strain and maximum pressure (P max ) detectable using these sensors. As expected P max increases steadily as the stiffness and toughness of the foam increases (Fig. 4C inset) . Interestingly both strain-sensitivity (G) and pressure sensitivity (S) decrease exponentially as the infused PU content rises. While the exact nature of this decrease remains unknown, it may be related to the disruption of the graphene network posited above. However, it is worth noting, that even with reduced sensitivity, the PU infused graphene is a reliable sensor with a very reproducible electrical response to a near harmonic compressive strain (Fig. 4E  and F) . Interestingly, the gauge factor, G, does not exhibit significant rate dependence for any PU content (Fig. S2 †) .
Tuneable impact sensing
Given that the infusion of PU into the G-foams had somewhat increased their toughness, it is likely that the saturation impact energy might be shifted to higher values relative to the original G-foam. To explore this, we performed impact tests with a range of impact energies on a number of PU-infused G-foams with different PU contents. Two examples of impact response curves are shown in Fig. 5A and B. In both cases, a sharp increase in resistance is observed in impact followed by a gradual decline. We note that the resistance does not return to its original value as, in our apparatus, the dropped mass remains on the sample, forcing it to remain compressed after the test. Interestingly, as shown in the insets, the response time of the sensors containing additional PU was >60 ms, considerably longer than those with minimal PU (∼20 ms).
Shown in Fig. 5C -F are data for the maximum fractional resistance change on impact plotted versus impact energy. There are two things of note in these graphs. Firstly, as the infused PU content is increased, the saturation of (ΔR/R 0 ) max at high impact energy becomes less prominent and ultimately disappears by a PU content of 54%. We show this graphically by plotting the approximate value of impact energy where saturation begins, K K,sat , versus infused PU content in Fig. 5G . This clearly shows the saturation onset to increase in energy as PU is added and the foam stiffens and toughens.
Secondly, the data in Fig. 5C -F seem to be roughly consistent with a square root relationship between (ΔR/R 0 ) max and the impact energy, at least for midrange impact energies. We can understand this as follows. On impact, the kinetic energy of the falling mass is converted into elastic strain energy of the compressed foam. This can be quantified simply via the observation that as more PU was infused into the foam, its compressive stress-strain behaviour (Fig. 3C ) became much less nonlinear compared to the original G-form (Fig. 1H ) allowing us to make the crude approximation that σ ≈ Yε over the whole strain range (σ is compressive stress, Y is the modulus and ε is compressive strain). This allows us to write
where the second term represents the potential energy associated with the compressed G-foam after the mass has come to rest. Here, A is the compressed area, L 0 is the initial foam thickness and ε max is the final compressive strain. This allows us to write
Then, approximately relating the maximum resistance change to the maximum strain via (ΔR/R 0 ) max ≈ Gε max , gives:
where C can be thought of as the impact sensitivity parameter.
Noting that G = SY we can write C in terms of either G or S:
This very simple model predicts the observed behaviour. The lines in Fig. 5C -F represents fits of eqn (7) to the data. We have extracted C from the fits and plotted it versus infused PU content in Fig. 5H . From this data, it is clear that the impact sensitivity parameter (C) falls off rapidly as the PU content is increased. Thus, removing the saturation problem comes at the cost of reduced sensitivity. However, this is not such a significant problem as it would only be necessary to address the problem of saturation when sensing large impacts where high sensitivity is not so crucial. In practical impact sensing devices, it would be possible to mount a high sensitivity sensor in series with a low sensitivity. Then for low impacts, only the high sensitivity (less stiff ) device would be effected. However, for large impacts, the high sensitivity device would be immediately fully compressed, allowing the low sensitivity (high stiffness) device to respond. In addition, eqn (6) allows us to model E K,sat as the kinetic energy for which ε max → 1, giving E K,sat = AL 0 Y/2. Then, combining the empirical equation for Y(M f,PU ) given in Fig. 3E with the experimental initial foam volume (AL 0 = 2.3 × 10 −6 m 2 ),
gives an equation for E K,sat which fits the data in Fig. 5G extremely well, without the need for any adjustable parameters. Eqn (8) predicts an approximate relationship between the impact sensitivity parameter (C) and the gauge factor (G). We can test this relationship by plotting C versus G= ffiffiffi ffi Y p in Fig. 5H inset. We find a reasonably straight line, again supporting the validity of our model.
Conclusions
In conclusion, we have demonstrated a simple method to produce foam-based, polymer-graphene pressure and impact sensors. Although the as-produced sensors have a relatively low dynamic range (i.e. detectable pressure and impact energy range), this can be extended significantly by diffusing polymer into the interior of the foam to increase its stiffness. By developing a simple theory to describe the impact response of these sensors, we can outline a roadmap for improving sensor performance. Because impact sensitivity scales as G/Y 1/2 and dynamic range scales with Y, we need to develop foam-based sensor with significantly increased gauge factor (G) and moderately increased stiffness (Y). This might be achieved by a more sophisticated foam fabrication method. We believe these materials might find uses as low-cost pressure sensors or more probably as impact sensors for use in sports helmets or medical devices.
Methods
Graphene dispersions were prepared by the ultrasonic tip-sonication of graphite (Branwell, Graphite Grade RFL 99.5) in N-methyl-pyrrolidone (NMP) at 100 mg mL −1 (total volume ∼300 mL) for 72 h at 80% amplitude. This was followed by a mild centrifugation at 1500 rpm for 90 min to remove unexfoliated aggregates and very large nanosheets. The removed supernatant was then vacuum filtered onto a 0.1 μm pore size polyester membrane to form a thick film of reaggregated nanosheets. This film was then redispersed at high concentration (∼5 mg mL −1 ) in water surfactant (sodium cholate;
Sigma Aldrich) by ultrasonic tip-sonication for ∼1.5 h to form a stock solution from which all composites were formed. TEM grids were prepared by first diluting the dispersions and then drop-casting them onto holey carbon grids (Cu 400 mesh). Residual solvent was removed from the grids by drying in a vacuum oven. Bright field TEM images were obtained using a Jeol 2100 operating at 200 keV. Raman spectroscopy was performed on the graphene infused foams with a Horiba Jobin Yvon LabRAM HR800 with 633 nm excitation laser in air under ambient conditions. The Raman emission was collected by 100× objective lens (N.A. = 0.8) and dispersed by a 600 line per mm grating using 10% of the laser power (∼2 mW). A total of 5 spectra were collected at different positions, baseline-corrected and averaged.
A series of preliminary electromechanical tests were performed on 11 store-bought foams which varied in pore size and density. Before infusion, all foams were cut into similar dimensions. The foams were then soaked in the same volume and concentration of graphene and PU dispersion. The sensing performance of the foams were found to be highly depended on the structure of the tested foams (see ESI †). A polyurethane (PU) based cosmetic face sponges purchased from Boots™ (Face -Soft Cosmetic Sponge; product #75-32-229) were chosen as the optimum foam for composite production based on its sensing performance. Foams for the preliminary and the preceding tests in this work were prepared in the following fashion. The foam was cut into 2 cm × 2 cm × 5.75 mm (L × W × H) pieces. After cutting to shape, the foam pieces were washed in deionised water three times before being dried in a vacuum oven for 5 h at 50°C. The pre-washed foam pieces were then soaked in graphene dispersions diluted from the stock solution, with concentrations ranging from 0.015 mg mL −1 to 3 mg mL −1 . To insure complete infusion of the foam, the pieces were pre-compressed by hand before being adding to the dispersion. Foam pieces were soaked in a constant volume of graphene dispersion (4 mL) for 5 min and dried in a vacuum oven for 5 h at 50°C. Graphene uptake was measured by recording the mass before and after soaking using an accurate balance. To insure that the internal coating of graphene did not deteriorate during testing, the graphene infused foams were soaked in a 5 mg mL −1 PU/water dispersion (Michelman, product #U2022). Again, to insure complete infusion of the foam, the pieces were pre-compressed by hand before adding to the dispersion. Foam pieces were soaked in a constant volume of PU dispersion (3.8 mL) for 5 min and dried in a vacuum oven for 5 h at 50°C to form the final composite. PU uptake was measured by recording the mass before and after soaking using an accurate balance. When looking at the effect of PU content on mechanical and electromechanical properties of the composites, PU soaking dispersion concentration was varied from 5 mg mL −1 to 400 mg mL −1 for a particular graphene content using the previously described methods above. Scanning electron microscopy on the composites was undertaken using a Zeiss Ultra Plus. Using the SE2 detector, samples were examined at a working distance of ∼2 mm, with a 30 μm aperture and a voltage of 5 kV. Compressive electromechanical measurements were performed using a Keithley KE2601 source meter in a 2-probe mode, controlled by LabView software, in conjunction with a Zwick Z0.5 ProLine Tensile Tester (100 N Load Cell). Contacts were painted on the test samples with silver paint, top and bottom of foam, with silver wires leads attached. The source meter was attached through the wire leads using crocodile clips. For the electro-mechanical tests, the sample was place between two plates, with the bottom plate being stationary and the top plate applying the compressive force. Tests were performed at 2 mm min −1 until 60% applied strain.
Impact tests were performed initially by dropping bearings of varying masses (1-7 g ) from a range of heights (1-9 cm). For larger weights, a hinged arm was constructed to controllably drop heavier weights (40 g-3 kg) from a similar range of heights. In both cases, the electrical response was measured with a sampling rate of 1 point per 0.01 s as a function of time.
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